The changes in the microenvironment of the Trp-3 on the i-face of pig pancreatic IB phospholipase A 2 (PLA2) provide a measure of the tight contact (Ramirez and Jain, Protein Sci. 9, 229-239, 1991) with the substrate interface during the processive interfacial turnover. Spectral changes from the single Trp-substituent at position 1, 2, 6, 10, 19, 20, 31, 53, 56 or 87 on the surface of W3F PLA2 are used to probe the Trp-environment. Based on our current understanding only the residue 87 is away from i-face, therefore all other mutants are well suited to report modest differences along the i-face. All Trp-mutants bind tightly to anionic vesicles. Only those with Trp at 1, 2 or 3 near the rim of the active site on the i-face cause significant perturbation of the catalytic functions. Most other Trp-mutants showed < 3-fold change in the interfacial processive turnover rate and the competitive inhibition by MJ33. Binding of calcium to the enzyme in the aqueous phase had modest effect on the Trp-emission intensity. However, on the binding of the enzyme to the interface the fluorescence change is large, and the rate of oxidation of the Trp-substituent with Nbromosuccinimide depends on the location of the Trp-substituent. These results show that the solvation environment of the Trp-substituents on the i-face is shielded in the enzyme bound to the interface. Additional changes are noticeable if the active site of the bound enzyme is also occupied, however, the catalytically inert zymogen of PLA2 (proPLA2) does not show such changes. Significance of these results in relation to the changes in the solvent accessibility and desolvation of the i-face of PLA2 at the interface is discussed.
Introduction
The i-face 1 of interfacial enzymes is structurally and functionally different than their active site that carries out the steps of the catalytic turnover cycle [1, 2] . Contact of the i-face to the interface facilitates the substrate accessibility, determines the interface preference and processivity, and mediates the allosteric effects of the interface on the steps of the interfacial turnover cycle. For example, tight contact of i-face of pig pancreatic phospholipase A2 (PLA2) a with the interface of anionic phospholipid bilayer permits the highly processive interfacial turnover [3] [4] [5] [6] such that the interfacial turnover rate is > 10,000 higher than that in the aqueous phase [7] .
As shown in Scheme 1, during the pre-steady state E to E* step the i-face of PLA2 binds tightly to the interface, and the steady state turnover occurs with the enzyme confined to the interface [1, 2, 5, 6] . Such reaction progress in the highly processive scooting mode can be ensemble-averaged and analyzed to obtain the primary rate and equilibrium parameters for the interfacial turnover cycle events. Analyses show that the i-face of pig pancreatic phospholipase A 2 (PLA2) remains in contact with the substrate interface [8, 9] to access the substrate [2] . Contact of the i-face modulates not only the interface preference [10] , but also allosterically controls the turnover parameters of the catalytic cycle [11] . Higher affinity of E* for the substrate, compared to that for the E form in the aqueous phase, is the basis for the K S * -activation [12] . Also, the charge compensation of the cationic residues 53, 56 and 120 on the enzyme by the anionic charge at the interface induces the k cat *activation [13] . These analyses are not possible if the enzyme is not tightly bound because the E to E* exchange induces the stationary phase reaction progress where the turnover path cannot be unequivocally assigned [5, 14] .
Structural and thermodynamic constraints of interactions along the i-face make it difficult, if not impossible, to adopt the methods that have been successful for the characterization of the functional states of enzymes in aqueous solutions. Although the solution NMR and crystallographic structures of PLA2 are in reasonable accord with each other [1, 6, [15] [16] [17] [18] [19] , such results do not necessarily relate to the catalytically activated form of the enzyme at the anionic interface [5, 6, 20, 21] . Current structural description of the interactions of the i-face of E* is based on indirect methods [1, 2, 22, 23] . Unlike the active site of an enzyme, the i-face of PLA2 is believed to be a complex motif (Fig. 1 ). Its large relatively flat area of 1600 Å 2 makes short-range (< 5Å) high affinity contact with the interface of a bilayer or micelle. Such interactions must be accompanied by the substitution of solvated water at the i-face and the substrate interface by specific short range contacts with the ligands from the protein and the interface [24, 25] . Exclusion of the solvent water from the contact region [8] could provide a basis for a water-free access route for the substrate in the interface to the active site of E*, and also for the mechanistically critical changes in the catalytic site [20, 21] and for the allosteric coupling between the active site and the iface functions [11] [12] [13] .
In this paper we characterize spectral changes associated with interactions of i-face of several Trp-mutants with single Trp-substitutions on the surface of W3F PLA2 at 1, 2, 3, 6, 10, 19, 20, 31, 53, 56 or 87 ( Fig. 1) . Based on our current understanding only residue 87 is away from the i-face. Trpsubstituent at all other positions are on, at or near the i-face, and therefore well suited to report modest differences along the iface. Results show that the Trp-microenvironment depends on the position of Trp, which changes on the binding of the enzyme to DTPM vesicles to form E*, and further with the occupancy of the active site of E*L. The polarity and solvent accessibility of Trp in the bound enzyme increases as the probe moves away from the center of the i-face where the substrate-binding slot is localized. A surprising result is that the microenvironment of Trp in certain positions on the i-face also changes noticeably with the occupancy of the active site of the enzyme bound to the interface.
Materials and methods

Reagents
DC 7 PC was from Avanti and NBS from Sigma. DMPM, DTPM and DTSO 4 were synthesized as described [3, 26, 27] . All other reagents were analytical grade. Concentrations of single Trp-mutants are based on OD 1% of 13 at 280 nm. Kinetic and spectroscopic protocols established before are outlined below and specific conditions for measurements are given in the text and figure legends. All measurements were carried out at pH 8.0 and 24°C. Protocols for this study based on those established before [28, 29] , and only key differences are outlined below.
Construction and purification of the Trp-mutants of PLA2
Bert Verheij and Marcel Jenssen (Reijksuniversiteit, Utrecht) provided mutants #5 to #9 and #16 (Table 1) . Their mutagenesis protocol in the E. coli expression system [30] was adopted with minor modifications for obtaining the other mutants ( (Table 1) was introduced on the DNA template for the W3F PLA2 gene. The oligonucleotide primers (the bold-underlined codon indicates the location of mutation) used for Scheme 1. Kinetic Scheme for the interfacial catalytic turnover by E* that remains confined to the interface during the processive steady state turnover in the scooting mode. With K d <10 −12 M [k off /k on ] for the E to E* step the intervesicle exchange rate is negligible. The exchange rate of S* is also low if the CMC is low (<10 −12 M for DMPM). Also both the extent and the rate of exchange of P* would be effectively negligible in the absence of an amphiphile that can counter-exchange. E*L mentioned in the text refers to the dead-end complex of E* with a substrate analog L such as MJ33, DTPM, or DTSO 4 . Fig. 1 . Two orthogonal views of pig pancreatic 1B PLA2 from the anion-assisted homodimer (PDB 1FXF) with (gray circle) calcium, MJ33 and three phosphateions with (colored circles) Cα-atoms of the residues 1, 2, 3, 6, 10, 19, 20, 31, 53, 56, 63, 87 and 117. H48 (in top) is the catalytic residue. In the top view, the iface is in the horizontal plane perpendicular to the plane of the paper. In the bottom view, the i-face is in the plane of the paper facing the reader.
the PCR reaction (16 cycles with Pfu Ultra HF DNA polymerase) to construct the mutant plasmids were:
The PCR products were transformed into XL-1 Blue competent cell and selected by incubating in LB-ampicillin agar medium. For each construct, correct mutation in the gene of the isolated plasmid was confirmed by DNA sequencing. The 0.45-kb mutant PLA2 gene was released by treating mPLA2-pET plasmid with restriction enzymes (HindIII and BamHI from New England Biolab) that cleave at 57 bp upstream from the start codon and 4 bp down stream from the stop codon of inserted mutant PLA2 gene. The released mutant gene was then recloned into pAB3 expression vector with Quick ligase (New England Biolab). The target gene is composed of three continuous sections: GST promoter, GST gene and pro-mPLA2 gene. The advantage of fusing the GST promoter and GST gene with the pro-PLA2 gene is that the yield of the animal proPLA2 as a GST fusion protein in the bacterial expression system is improved to 10 to 30 mg/l. After the reconstruction of the expression plasmid (mPLA2-PAB3), the plasmid was transformed into E. coli strain BL21 (Stratagene) for the mutant PLA2 expression. Single colony of the bacteria on LB-ampicillin agar plate (50 μg/ml) was picked and grown at 37°C with 250 rpm shaking in 4L LB broth medium containing 50 μg/ml ampicillin. When the OD 600 of the medium reached 0.6-0.8, 1 μM IPTG was added to induce protein expression and incubation continued for 6 more hours at 37°C. Cells were then harvested by centrifugation at 6500 rpm in SLA-3000 for 15 min at 4°C.
For cell lysis and subsequent isolation of inclusion bodies of the mutant protein, the cell pellet was resuspended in 200 ml buffer (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA, 0.5 mM freshly added PMSF) containing 1% Triton X-100 (v/v) and 1% sodium deoxycholate (w/v). The mixture was stirred at 4°C for 20 min, and then sonicated for 15 cycles of 15 s on and 15 s off. The pellet was then collected by centrifugation at 9,000 rpm in 4°C with GSA rotor for 10 min, and resuspended in 200 ml buffer containing 1% Triton X-100 (v/v) and 1% sodium deoxycholate (w/v) with stirring at 4°C for 20 min. Collected pellet was resuspended in 200 ml buffer with 1% Triton X-100 (v/v), stirred at room temperature for 20 min, and then centrifuged under the conditions above. The pellet was then resuspended in 200 ml buffer without detergent and stirred at room temperature for 20 min. After centrifugation at 4°C (supernatant discarded) the pellet of inclusion bodies was dissolved in 100 ml sulfonation buffer (6 M Guanidine-HCl, 0.3 M Na 2 SO 3 , 50 mM Tris-HCl, pH 8.0), and then 5 ml of 50 mM Ellman's reagent was added. After stirring at room temperature for 1 h, sulfonated protein was dialyzed against 4 l of 0.1% acetic acid at 4°C. Dialysis against 5 l buffer was carried out for 4 cycles of 8 h each. The precipitated protein was then collected by centrifugation at 10,000 rpm in GSA rotor at 4°C for 20 min. To refold the sulfonated protein, the pellet was resuspended in 200 ml refolding buffer (6M guanidine-HCl, 50 mM Tris-HCl, pH 8.0) at room temperature, and then dialysed against 4 l of dialysis buffer (0.9 M Guanidine-HCl, 50 mM Tris-HCl, 5 mM cysteine, 5 mM EDTA, pH 8.0) at 4°C. The buffer was changed after 6 h, and then dialysis continued for additional 24 h. Next four dialysis cycles of 6 h for each were carried out against trypsinization buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl 2 , pH 8.0). Protein was recovered by centrifugation at 9,000 rpm, 4°C, for 20 min in GSA rotor, and any insoluble material was discarded.
The refolded GST-proPLA2 fusion protein was activated with 0.0015 mg trypsin per mg fusion protein per ml buffer. Once the PLA2 activity was maximized the pH was adjusted to 4.5 to stop the trypsin reaction. The mixture was then immediately loaded into S-Sepharose column. The protein was eluted with 100 ml gradient of 0 to 500 mM NaCl in 0.1 mM sodium succinate (pH 4.5). The fractions with PLA2 activity were pooled and dialyzed against water at 4°C. The dialyzed PLA2 fraction was concentrated to 1 ml by lyophilization. It was then injected into preparative C18-HPLC column and eluted with a gradient of solvent B (0.1% trifluoroacetic acid in acetonitrile) with solvent A (0.1% trifluoroacetic acid in H 2 O). The fractions with PLA2 activity were pooled together, lyophilized, and purity checked on analytical C4 column.
Characterization of the interfacial turnover and competitive inhibition
The processive interfacial turnover rate on sonicated DMPM vesicles was measured by pH-stat titration with 1 mM 2-aminopropanediol after adding the enzyme to 0.4 mM DMPM and 40 μg polymyxin B to a 4 ml reaction buffer containing 0.5 mM CaCl2, 1 mM NaCl at pH 8.0 and 24°C in a nitrogen purged closed atmosphere [4, 31, 32] . Turnover rate with 2 mM DC 7 PC micelles was monitored in 4 ml reaction buffer containing 5 mM CaCl 2 and 4 M NaCl at pH 8.0 [28, 29] . Under these conditions high salt lowers K d and increases k cat * . In both of these assays the observed rate v o is at the mole fraction of the substrate X S * = 1. X I (50)* is the mole fraction of the competitive inhibitor MJ33 at which the observed rate decreases by 50% [31] .
Fluorescence measurements
Changes in the tryptophan fluorescence emission spectra and intensity were measured in the ratio mode on SLM-Aminco AB2 in a 1-cm cuvette [9, 33] . The slit-widths were 4 nm with excitation at 280. Stirred 1.6 ml buffer for all measurement contained 1 or 2 μM PLA2 in 10 mM Tris, 0.5 mM CaCl 2 at pH 8.0 with 20 mM NaCl for the spectral studies. Results with Trp-free W3F mutant Table 1 Catalytic parameters a for the Trp-substitution mutants of PLA2 of pig WT show that the contribution of the tyrosines in PLA2 to the emission spectrum and the spectral change is typically less than 2% in the quantum yield or the emission intensity at 333 nm. All fluorescence measurements with bound enzyme were carried out with the nonhydrolyzable substrate analog DTPM, where the bound enzyme is in the E* form in EGTA, and in E*L form in the presence of calcium. For the quenching studies NaCl concentration was 1 mM in order to minimize distortions due to the ionic competition in the electrical double layer of the anionic bilayer vesicles. Stern-Volmer plot was obtained from the successively added total quencher concentration dependence of the emission intensity (F o /F q ).
Modification of the Trp-substituent with NBS
Reaction progress for the oxidation of Trp of 0.5 μM PLA2 in 10 mM Tris, pH 8.0 (and other reagents as specified) with 0.2 mM NBS [34] was monitored as the decrease in the fluorescence emission at 340 nm. Under these conditions the rate is not limited by the NBS concentration. Only the halftimes > 10 s are reliable because the mixing time for NBS added to initiate the reaction is about 2 s. Fresh stock solution of NBS (100 mM in tetrahydrofuran containing 0.025% butylated hydroxytoluene as antioxidant) kept in ice could be used for 4 h without significant deterioration.
Results
Trp-mutants are constructed by substitution of single Trp on the W3F PLA2 mutant without any Trp residue. As shown in Fig. 1 most of these substitutions (except at 87) are on, at or near the edge of the i-face that makes contact with the interface. Kinetic results show that the mutants with comparable interfacial kinetic and binding parameters are useful for mapping the Trp-microenvironment because the K d values for the mutants bound to DTPM or DTSO 4 interface are not noticeably different. Our strategy for the evaluation of the iface interactions in terms of the changes associated with the E o E* or ECa to E*L is outlined in Scheme 2. Calcium is obligatorily required for the binding of the substrate to the active site of E* and also for the chemical step [20, 35] . Thus titration of E with DTPM vesicles (Fig. 2 ) in the absence of calcium is for the E to E*, and in the presence of calcium it is for ECa to E*L. K L * (for ECa*L or E*L to E*Ca + L*) is 0.03 mole fraction DTPM, and K Ca app for E*L (E*CaL to E* + L* + Ca) is 0.06 mM [35] . Thus, in the presence or absence of calcium the enzyme bound to the DTPM vesicles would be only in the E*L or the E* form, respectively. In both cases the signal saturates at 35 DTPM/E for all mutants although the maximum signal intensity depends on the position of the Trp-substitution.
Interfacial catalytic turnover by the Trp-mutants of PLA2
Values of the interfacial kinetic parameters for the hydrolysis of DMPM vesicles [32] or DC 7 PC micelles [28] by the Trpmutants are summarized in Table 1 . The initial rate with all the enzyme bound to the interface, v o , is the steady-state interfacial turnover rate by E* via E*S at X S * = 1 mole fraction [5, 6] . It is related to the interfacial substrate binding (K M * ) and catalytic steps (k cat * ). X I (50)*, the mole fraction of the competitive inhibitor MJ33 at which the observed interfacial turnover rate is 50% lower, is related to relative affinities of the substrate and MJ33. X I (50)* values for the Trp-mutants differ by less than 2fold which suggests that the relative affinity for MJ33 versus the substrate DMPM or DC 7 PC does not change significantly with the Trp-substitutions [5, 6, 31] . However, X I (50)* for the W3F/ L31W double mutant relative to the W3F mutant is significantly lower with the DMPM substrate but not with DC 7 PC. This is expected if the affinity of the double mutant is lower for DMPM but not for DC 7 PC.
The v o values for the Trp-mutants are between 300 and 6 s − 1 for DMPM and 600 and 20 s − 1 for DC 7 PC, and for most mutants v o values for the two substrates change similarly. Compared to the WT v o for W3F is significantly lower. Results for the mutants #2-4 and #9-13 (Table 1) show that Trpsubstitution on the N-terminus (1,10)-helix lowers the rate by another factor of 3. Such modest effects of Trp-substitution on the interfacial catalytic turnover parameters are attributed to the allosteric effects of the i-face interactions [20, 36] . As discussed, later interactions of the 1,10-helix in the active site pocket may mediate allosteric interactions. Kinetic effects on v o with a modest discrimination of DMPM versus DC 7 PC are also apparent with the substitutions and deletions on the N-terminus helix of bovine [29, 36] and pig [1,23,37,38] PLA2. 
Tight binding of PLA2 is not influenced by the Trp-substitutions
Interpretation of the kinetic results in Table 1 is based on the assumption that during the processive interfacial turnover PLA2 remains tightly bound to the substrate interface [4, 5] . This is shown by the results (not shown) that all Trp-mutants showed a first-order reaction progress on DMPM vesicles [4] and the extent of hydrolysis per enzyme is the same with all the mutants. Spectroscopic evidence for the tight binding of Trp-mutants to DTPM vesicles is shown in Fig. 2 . The control with W3F shows that the signal from the Trp-substitution is 30-to 50-fold larger than with the tyrosines together. From the steep dependence of the change in the Trp-fluorescence emission intensity with DTPM concentration estimated K d for the binding of the mutants is submicromolar. With all Trp-mutants the spectral change saturates at 30 ± 5 DTPM per enzyme molecule. The surprising result in Fig. 2 is that the magnitude and the direction of the signal change depend on the position of the Trpsubstituent. As discussed later such differences are due to the differences in the Trp environments in the E and E*L forms. Also insignificant effect of substitution of cationic residues 6 and 10 (Table 1 ) on the processive turnover is consistent with a minor role of Coulombic interactions [39] . Together, the kinetic and spectroscopic results show that the tight binding of PLA2 to the DMPM or DC 7 PC interface [3, 4, 40] is not influenced by Trp-substitutions. Note that the kinetic results obtained under other assay conditions [41, 42] , where the binding of the enzyme to the interface is not tight, would be influenced by modest changes in K d .
Spectral Difference between the E and E.Ca forms
Relative quantum yields of the E, ECa, E* and E*L complexes (Scheme 2) of Trp-mutants are compared in Table  2 . About 3-fold range of these values is attributed to the change in the local environment. It is not trivial to assign specific interactions responsible for such differences because the fluorescence emission change is the sum total of the photon, electron and proton transfer reactions in the ground and excited states of the fluorophore. Therefore, the changes are only qualitatively interpreted. Detailed spectral analysis of the spectral emission maximum and the center of mass, as well as the life time measurements, were not carried out. For example, the difference spectra in Fig. 3 show that effect of the calcium binding is qualitatively different for the Trpsubstituent at 2, 6, 20 or 53. Changes in quantum yield associated with the calcium binding are summarized in column 3 of Table 2 . The results for 117W were obtained by subtracting the corresponding changes in 3W from the changes observed with 3W/117W double mutant. These results show that the calcium binding to the E form has a modest effect on the Trp environment. Typically, the calcium induced spectral change is small, however, such changes are detected by the Trp probe located in certain positions that are > 10 Å away from the calcium bond to the (27-32)-loop [43, 44] . For example, the calcium binding influences the emission from 53W and 56W on the 41-57 helix containing the catalytic residue H48. This effect may be mediated via D49 whose side chain carboxylate provides two ligands for the a In the aqueous phase the quantum yield (for the excitation at 280 nm) of the ECa form of WT PLA2 is 0.11 compared to 0.3 for N-acetyltrytophan-amide (NATA). Uncertainty in the relative quantum yield is 20% including the uncertainties in the measurement of the protein concentrations. Spectra for 1 μM mutant solutions without or with 0.2 mM DTPM or DTSO 4 vesicles were obtained at the same sensitivity settings and the control for the buffer is subtracted from the area integral for the emission from 300 to 400 nm. Spectra in the absence of calcium (marked with −) were obtained in 1 mM EGTA + 1 mM EDTA, and those marked with + were obtained with 20 mM calcium for the ECa form and 0.5 mM calcium for the E*L form (Scheme 2). Ordinate is an arbitrary scale at the same protein concentration and instrument settings. The peak or trough at 320 nm in the difference spectrum from 6W or 20W is unlikely to be due to the perturbation of a tyrosine because controls with W3F do not show such a change. calcium binding. Also, note that 20W is significantly perturbed on the calcium binding, but the emission from 19W or 31W is not. These results suggest that the quantum yield changes associated with calcium binding are modest specific intramolecular changes.
Spectral changes due to E* and E*L formation
Relative quantum yields of E* and E*L complexes of the Trp-mutants are summarized in Table 2 . Results in column 4 are for E* or E*L on DTPM vesicles and in column 5 for E* or E*L on DTSO 4 vesicles. The key result is that magnitude and direction of the change in the quantum yield depend on the position of the Trp-substituent. For example, the relative quantum yield from Trp-3 in WT is 1.1 for E, 1.0 for ECa, 1.76 for E*, and 2.72 for E*L on DTPM. The quantum yield of the E*L of 3W, 19W, 56, or 63W on DTPM is higher and the emission maximum is blue-shifted by about 10 nm. On the other hand, the quantum yield of the E*L form is lower for Trp at 2, 10, 53 or 117 with a red shift of 5 to 12 nm in the emission maximum. The quantum yield changes little for Trp at 1, 6 or 20.
Note that 87W on the surface away from the i-face does not show a significant perturbation neither on the binding of calcium, nor with the formation of E* or E*L complex on DTPM or DTSO 4 interface. However, other effects show spectral contributions of the local environment. As shown in Fig. 4 , the difference spectra for E*-E and E*L-ECa of the Trp-19 mutant are different on the DTPM versus DTSO 4 vesicles. Other Trp-mutants also show such differences (columns 4 and 5 in Table 2 ). Since Trp-mutants bind tightly to DTPM and DTSO 4 anionic interfaces, such spectral differences imply a role for the short-range interactions with the anionic head group. Such E*L-ECa spectral differences are not expected to be very different if electrostatic interactions dominate the interactions along the i-face, or if the spectral changes were only due to a change in the polarity of the Trp-environment.
The E*L-ECa difference spectra in Fig. 5 show the spectral effects of the neighboring substituents. For example, the Trp-3 spectral change from pig PLA2 is different than that from bovine PLA2 (Fig. 5A ). These proteins have 70% sequence homology [1] , and their interfacial catalytic behavior and the NMR and crystal structures are also virtually indistinguishable [15, 19, 22, 45, 46] . Similarly, effects of the Y116 and Y116/ Y119A substitutions on the emission from Trp-117 in pig PLA2 is shown in Fig. 5B . These results show that such large differences could arise from a single residue substitution.
Accessibility of the Trp-substituents to aqueous quenchers
Accessibility of the Trp-substituent on the i-face to a dynamic collisional quencher in the aqueous phase is expected to decrease significantly with the formation of E* or E*L. As shown in Fig. 6 , the quencher concentration dependence of the emission from Trp-3 is significantly different for the E versus the E*L of PLA2. Linear Stern-Volmer plots are consistent with the dynamic collisional quenching mechanism. Qualitatively similar results are obtained from three different quenchers: Uncharged succinimide, anionic iodide, and cationic cesium. The quencher concentrations for 50% quenching obtained from such plots are summarized in Table 3 as the Q 50 values for the E, ECa, E* and E*L forms of the Trp-mutants. The Stern-Volmer constant is reciprocal of Q 50 , however in consideration of uncertainty about the quenching mechanism (see below), we have not expressed the quenching results as the Stern-Volmer quenching constant. The Q 50 values increase if Trp is more shielded. As expected for Trp localized on the protein surface, Q 50 values for the E form of all the Trp-mutants are in the 100 to 200 mM range for succinimide compared to 70 mM for Nacetyltryptophan-amide (NATA) in the aqueous phase. In contrast, Q 50 values for the E* and E*L form of the Trpmutants are in the 130 to 1800 mM range. Q 50 changes little for 31W, 53W and 87W mutants, and increases 3-fold or more for 3W, 63W and 117W. In addition to the consideration of the shielding effects and the solvent interactions in the Trpenvironment [39] , for a detailed quantitative interpretation of the Q 50 values, it is also necessary to consider the changes in the orientation and relaxation of the neighboring substituents. Since the relaxation behavior of the Trp-3 in PLA2 is far too complex [33] we did not to carry out detailed physical analyses.
For some of the Trp-substituents, the non-linearity in the Stern-Volmer plots for the quenching by cationic cesium or anionic iodide is significant. For example, with iodide a downward curvature is seen with the E form of 6W suggesting that in the E form iodide binds near 6W (Fig. 7A) . Such curvature could result if the quencher bound to the complex is more efficient [47, 48] which is consistent with the possibility that the iodide binding site could be in the cluster of the three anion-binding sites (Fig. 1) in the anion-assisted dimer structure [22, 23, 49, 50] . As expected, the plot for the E*L form of 6W is linear presumably because the anion binding sites on the enzyme are occupied by the interfacial anionic groups. Similarly, in Fig. 7B with cesium the downward curvature is seen for the E*L form of 20W suggesting that Cs is bound close to 20W in the E*L form on the anionic DTPM vesicles. Also, as summarized in Table 3 , quenching with cesium is not very efficient: Q 50 of 400 to 800 mM for the E form of most mutants, and somewhat more for 1W, 2W, 19W, and 117W. Our interpretation is that the cationic electrical double layer due to the 12 cationic residues on the surface of PLA2 electrostatically shields Trp from cesium. Qualitatively, the quenching results in Table 3 suggest that the effects of the electrical double layer [51, 52] on the protein and the bilayer interface are weaker than those of the short-range interactions along the i-face. Together, these results suggest complex collisional quenching behavior for the Trp-substituent on the i-face of PLA2 in the E* or E*L form. Some of these difficulties are circumvented by results described below where the rate of Trp-oxidation is limited not as much by NBS accessibility but by the hydration step.
Covalent modification of the Trp-substituents with NBS
Oxidation of tryptophan with N-bromosuccinimide yields nonfluorescent 2-oxotryptophan [34] . As suggested in Scheme 3 at neutral pH the initial attack by bromonium ion is followed by attack with water. These two steps are kinetically resolved under certain conditions [53] . As shown in Fig. 8A the rate of reaction of octyltryptophan with NBS is noticeably slower in the presence of DTPM vesicles. Also the rate of oxidation of bound octyltryptophan is slower in D 2 O than in the H 2 O. As summarized in Fig. 8B , dependence of the observed rate constant on the mole fraction of D 2 O is almost linear and the H 2 O/D 2 O isotope effect is 2. Together, these results suggest that Scheme 3. Suggested mechanism of oxidation of Trp by NBS where the initial attack of bromonium ion (derived from NBS or HOBr or [H 2 OBr] + ) is followed by attack of water to give non-fluorescent oxotryptophan. Rate in the slower second step is limited by the water concentration in the Trp environment. the rate-limiting step in the oxidative quenching by NBS under the water-limiting conditions is likely to be the attack by water.
The rate of the reaction of NBS with most Trp-mutants is significantly lower for E* and E*L forms of PLA2. As shown in Fig. 9 , the time course of the decrease in the Trp fluorescence of the E form of PLA2 on the addition of NBS is biphasic: Following the initial rapid decrease, further quenching occurs with halftime of >20 s in H 2 O and noticeably longer in D 2 O. As also shown in Fig. 9 , the rate of reaction with NBS is considerably slower for the E* form and the H 2 O/D 2 O effect on the rate is also clearly apparent. For the E* or E*L form of the mutants with Trp on the i-face the apparent H 2 O/D 2 O effect in the second step of the reaction of NBS remains about 2 (results not shown). This is expected if the attack by water remains the rate-limiting step.
The half-times for the reaction of NBS with E and ECa forms of the Trp mutants are compared in Table 4 . In all cases, the halftime for the initial decrease is < 10 s during which 15 to 50% of the florescence is quenched. The halftime for the second step is < 30 s with the E and ECa forms of virtually all the mutants. These results are consistent with the surface localization of the Trp-substituent, and also that the bromo-tryptophan intermediate remains readily accessible to the water reagent in the second step. As shown in Fig. 10 and summarized in Table 4 the time course for the reaction of NBS with the E* or E*L forms of the mutants depends on the position of Trp. The halftime for the initial decrease is typically < 20 s for all the mutants during which the signal decreases by 20-70% (fractional values given in the parenthesis). The second step is considerably slower for the E* and E*L forms of certain mutants. For example, accessibility of bromo-intermediate of W1, W3 or W53 to reacting water is most shielded, and a more modest shielding of 2W, 6W and 19W. Together, these results show that the accessibility of reagent water for the NBS oxidation of Trp substituent NBS depends on its localization along the i-face, and possibly also on the occupancy of the active site.
Discussion
The active site of PLA2 is structurally and functionally distinct that the i-face along which the enzyme binds to the interface [1, 54] . Also binding of the enzyme along the i-face to the substrate interface is a distinctly different event than the binding of the substrate in the interface to the active site of the bound enzyme (Scheme 1 and 2). Both of these steps have characteristic microscopic variables and constants, and the structural, functional and thermodynamic constraints are different. Structural significance of such events is beginning to converge into a viable model shown in Fig. 1 . Since originally proposed in 1991, this model of the i-face has served well to rationalize virtually all aspects of interfacial kinetic phenomena [5, 6, 18, 29, 44, 46] . It has also provided a basis for the analytical descriptions with predictive value [4] [5] [6] 12] . Significance of results in this paper is developed below. Current model of the i-face [2] emerged from the key result that during the processive interfacial turnover PLA2 binds tightly to the anionic interface [3, 4] . Wide ranging kinetic, spectroscopic and crystallographic results have provided additional insights [5, 6, 21] . For example, the tight binding of E* and E*L is accompanied by desolvation of the i-face in contact with about 30 molecules of phospholipid per PLA2 at the anionic interface [4, 8, [55] [56] [57] . Since binding of PLA2 does not disrupt bilayer, the i-face is unlikely to penetrate into the bilayer. Although tight binding is observed only with anionic interface, Coulombic interactions contribute < 2 kcal/mole to the stability of E*. Also, about 22 (Hill number) monodisperse alkylsulfate molecules cooperatively bind in three discrete steps, and such binding is perturbed if the active site residues are mutated [39, 58] . Additional support for this model comes from the X-ray structures of the anion-assisted homodimer of PLA2 [21] [22] [23] 50] where the contact surface of the two subunits is virtually the same as the originally suggested i-face. The contact surface brings the two subunits within < 5 Å with five coplanar anion sulfate or phosphate anion binding sites. Although inconsistent with our results, some results have been interpreted to suggest that PLA2 penetrates into the bilayer [1, 54, 59, 60] , or that electrostatic interactions dominate the interaction [44] .
Rationale for the Trp-substitution at the i-face
Results in this paper provide insights into the nature of the tight binding interactions of PLA2 with anionic vesicles. Trpmutants of PLA2 are useful probes because the substitutions are benign with respect to catalytic activity (Table 1) . Also, Trpsubstitutions do not significantly influence the tight interfacial binding (Fig. 2) or the processive catalytic turnover rate ( Table  1 ). The processive behavior is also consistent with apparent K d of < 10 −12 M on the anionic vesicles [4, 26] . Modest effects of substituents on tight binding would not show up in these measurements. For example, a change of about 2 kcal/mole in the binding energy would have a significant effect only if K d > 1 μM. However, modest changes in i-face interactions may influence the catalytic turnover rates [20] , interface preference [29] , and allosteric effect of the interface [13, 29] which together may account for modest effects on v o (Table 1) . By other methods, we are exploring thermodynamic, structural and functional reciprocity of the coupling between the i-face and the active site events.
Effects of the substitutions on the N-terminus are of particular interest. It is part of the i-face and the 1,10-helix also becomes more ordered as the active site is occupied. In the crystal structures of PLA2 cocrystallized with the substrate mimics the sn-2-chain makes van der Waal contact with residue 5 at C 3 -C 4 and with residue 2 at C 8 -C 9 . The C 8 -C 11 of the sn-1-chain is near L31 [10, 15, 19, 22, 23, 44, 50] . Also, R6 and K10 provide ligands for the anion binding along the i-face. The NMR evidence shows that the residues 1, 2 and 3 are more helically ordered in the zwitterionic micellar complex of the enzyme with occupied active site [16] . Based on such considerations, we suggest that the short-range anion binding to ligands on i-face mediate allosteric activation of E* and E*L. One possibility is that the H-bonding network, involving several residues spanning from α-NH 2 at the N-terminus to the catalytic site involving D99-H48 and the calcium binding site involving D49 [1, 6, 20, 39, 58] , mediates the allosteric k cat * -activation.
Microenvironment of the Trp substituents
Fluorescence emission from a single Trp on the surface of a protein is influenced by several factors [47, 48] including heterogeneity of the Trp environment due to water accessibility, relative population of the indole rotamers, as well as the amide, carboxyl, imidazole (His), phenol (Tyr), thioether (Met) and disulfide (Cys) groups within 5 Å [61] [62] [63] [64] . Such effects provide a sensitive measure of the short-range changes in the Trpenvironment seen in the difference spectra, however, make it nearly impossible to assign specific structural change. Spectral changes associated with the formation of ECa, E* and E*L forms on DTPM and DTSO 4 ( Table 2 ) suggest that both the protein residues and the groups at the interface influence the change. Result that 87W is not perturbed under most conditions is consistent with the fact that it is neither on the i-face nor in the active site or the calcium binding site. Calcium binding has modest effect on the emission from certain mutants. However, significant spectral change is seen with the formation of E* and E*L of most other mutants where the Trp-substituent is on the i-face. These results are also consistent with our earlier result that the cation binding or the occupancy of the active site is not obligatory for the binding of the enzyme to the interface [35, 65] . Together, these results show that Trp-microenvironment is markedly sensitive to the short range interactions along the i-face, however there is no reliable way to interpret the structural origin of such effects.
Drive for the i-face Interactions
Results in this paper provide a low-resolution map of the i-face of PLA2, i.e. only the Trp-substituents at the putative i-face are spectrally perturbed. Desolvation of the contact of the i-face with the interface [8, 9] is expected to facilitate the substrate accessibility by E* for the processive interfacial turnover [3] [4] [5] [6] . Also short-range interactions in the vicinity of the Trp-substituents on the desolvated i-face may be responsible for the differences in the fluorescence emission (Table 2) , as well as for the differences in the quencher and the water accessibility in the reaction of NBS with the Trp-substituents in the E* and E*L complexes.
Desolvation of the i-face triggered by the short-range specific binding of the anionic head groups to specific protein ligands on the i-face could provide much of the free energy for the tight binding [39] . Our estimate is that the Coulombic (electrostatic) contribution to the interactions along the i-face is less than − 2 kcal/mole, and a large part (> 10 kcal/mole) of the binding energy comes from the short range specific ion binding through the protein ligands [21, 22, 39] . Short-range interactions of the head groups with several protein ligands on the i-face also account for the cooperative binding of the monodisperse amphiphiles where the electrostatic contribution from the head group is < 2 kcal/mole [39] . Thus desolvation of the contact region would result as the water ligands are replaced by ligands from the protein and the amphiphile head group. Our view [2, 39] is that the enthalpy driven ligand substitution interactions over 3 to 3.5 Å could also promote hydrophobic effect by removing unfavorable contacts with bulk water. This model does not require energetically unfavorable reorganization of the interface due to its penetration in hydrophobic region of the bilayer.
Solvation environment for the oxidation with NBS.
Structurally NBS is a less polar analog of the dynamic quencher succinimide. The kinetics of modification of the Trpmutants by NBS is informative because the second phase of the reaction appears to be limited by accessibility to reagent water in E* and E*L ( Table 4 ). The rapid initial reaction suggests that NBS, or HOBr (Scheme 3) or some related specie, rapidly penetrates the i-face contact in E* or E*L. This step is followed by the rate limiting reaction of the intermediate with water. Trp-87 in E* and E*L is not shielded, whereas Trp at most other positions is shielded to differing degrees. Thus, accessibility to water may be different at different locations along the i-face in the E* and E*L complexes. Further interpretation of these results must await a better understanding of the secondary structural effects that determine the magnitude of t 2 . Such contributions may come from the changes in the local pH, polarity, steric and conformational effects that distinguish the E* and E*L complexes and the intermediates between the E and E* step.
To recapitulate, catalytic and spectral properties of the Trpmutants are in general accord with the current model of the iface of PLA2. However, difference between the desolvation of the i-face of the E* and E*L forms was not anticipated. Such differences may be related to the coupling of the i-face and active site events [5, 6, 12, 13] . Resulting changes in the hydration and H-bonding network may follow from the K S *and k cat * -allosteric effects of the i-face interactions [5, 12, 13, 28] . It is also of interest that the reactivity of 53W and 56W with NBS is noticeably different in the E and E*L forms. As a basis for the allosteric k cat * -activation, it could be related to the changes in the catalytic His-48 and the calcium binding ligands of Asp-49 located on the 41-57 helix. If so, additional Trpmutants could provide useful information about the sub-states formed by binding of amphiphiles to the i-face [39] and also about the role of the residues of the H-bonding network in the allosteric activation of PLA2 [1, 58] .
